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Abstract

Grass shrimp (Palaemonetes pugio) populations exposed to anthropogenic contaminant sources in South Carolina
(SC) have reduced densities when compared with populations at SC-reference sites. This laboratory study examined
the effects of a commonly used agricultural insecticide, endosulfan, on grass shrimp reproduction. Reproductively
active grass shrimp were chronically exposed to sublethal concentrations of endosulfan (200 or 400 ng/l) for 43 days.
The cumulative number of females that became gravid and the rate at which they became gravid were measured.
Endosulfan exposure reduced the cumulative number of gravid females by 31% in the 200 ng/l exposure and 39% in
the 400 ng/l exposure. The first appearance of gravid females in the population was significantly delayed in treated
populations compared with the control treatment in a dose dependent manner. Clutch size in these gravid females was
not significantly different among the treatments. Additionally, there was no difference in the onset of reproduction in
the treated populations. These results implicate a population reduction due to a decrease in the overall number of
females becoming gravid in a population over time, not a reduction in clutch size per individual. While the
mechanisms of action have yet to be defined, these results indicate that sublethal endosulfan concentrations may have
a negative effect on grass shrimp reproductive biology. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction land uses, have shown differences in grass shrimp
population densities (Finley et al., 1999; Scott et
al., 2000). Over several years, the Murrells Inlet,
SC (MI) estuary (urban land use) has consistently
produced lower population densities when com-
pared with the undeveloped North Inlet (NI) estu-
ary. Between 1990 and 1998, annual MI shrimp
population densities have been reduced by 80—
90%. Within the MI estuary, there also appears to
be a gradient of impact associated with the level

* Corresponding author. of urbanization. In the southern region of MI

Reduced densities have been reported in grass
shrimp populations exposed to nonpoint source
agricultural runoff and those living in highly dis-
turbed habitats in urbanized estuaries (Finley et
al.,, 1999; Scott et al., 1999). Two high salinity
estuaries with tidally driven flow, but different
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which has larger undeveloped tracts of land (i.e.
Hunting Island State Park), land use more closely
resembles the NI estuary, and in turn, population
densities are not as severely impacted. This trend
is also consistent with the contaminant profiles of
xenobiotics (Finley et al., 1999). Evaluations of
the life histories of these two populations indi-
cated that females within the MI estuary have
slightly longer maturation periods (the time from
larvae to gravid female); resulting in more females
being present during the winter months, which
may lead to altered sex ratios (Finley et al., 1999).
Similar population trends were evident in tidal
creeks that received agricultural nonpoint source
runoff (endosulfan, fenvalerate, and azinphos-
methyl) along the South Carolina coast (Scott et
al., 1999).

While important inferences can be made from
these field assessments, laboratory tests linking
reproduction effects in crustaceans to sublethal
pesticide exposure are limited mainly to small
crustaceans such as Daphnia magna (Zou and
Fingerman, 1997) or the harpacticoid copepods
(Wirth et al., 1998; Chandler and Green, 1996).
To date, only one other study has investigated
reproductive impacts associated with contaminant
exposure using the grass shrimp Palaemonetes
pugio (Oberdorster et al., 2000). This species has
also been utilized in acute toxicity testing (Schim-
mel et al., 1977; Buikema et al., 1980; Wirth et al.,
2001) and as an indicator of sublethal effects (Key
et al., 1988; Key and Fulton, 1993). However,
mechanistic links between exposure and reproduc-
tion have not been studied.

In light of recent reports that endosulfan may
alter endocrine function (Soto et al., 1994; Col-
born et al., 1993), consideration of the pathways
by which this compound might affect reproduc-
tion in invertebrates is warranted. In terms of
viable endocrine endpoints, the United States En-
vironmental Protection Agency (US EPA) defines
three areas of emphasis: growth, reproduction,
and development. Furthermore, the US EPA sug-
gests that research should focus “primarily on
development of reproductive capability” (Kavlock
et al., 1996). In terms of the evaluation of en-
docrine-associated endpoints, such as reproduc-
tion in invertebrates, it is important to remember

that our understanding of the reproductive physi-
ology of crustaceans is small in comparison to
mammals and insects (commonly used as the
model for marine invertebrates). To this end, eco-
logical risk assessments utilizing invertebrates to
evaluate endocrine disruption will depend on re-
productive and developmental assays (Hutchinson
et al., 2000).

Endosulfan has been shown to be an endocrine
disrupting chemical in cell lines transfected with
estrogen receptors. Soto et al. (1994) reported that
the estrogen-sensitive human breast cell line
MCEF7 was responsive to endosulfan exposure at
levels similar to that of DDT, but endosulfan did
not act as efficiently as the natural hormone estra-
diol. Additional testing with Daphnia magna indi-
cated that endosulfan did not interfere with sexual
differentiation but did inhibit molting (Zou and
Fingerman, 1997). In terms of reproductive out-
put, there have been no published reports examin-
ing the effects of endosulfan exposure on
crustaceans at  environmentally  relevant
concentrations.

It is unclear whether contamination per se
causes an acute decline (mortality) in grass shrimp
populations in the environment or if there is a
chronic sublethal response within the population,
such as an alteration in the reproduction of
adults. Before that question can be answered,
laboratory studies linking exposure to reproduc-
tive declines must be undertaken. The objectives
of this study were to investigate the reproductive
biology of grass shrimp exposed to sublethal con-
centrations of endosulfan and to determine if
sublethal, chronic contaminant exposure could ac-
count for population level changes.

2. Materials and methods

Gravid Palaemonetes pugio were collected from
Leadenwah Creek, Wadmalaw Island, SC and
transported to the laboratory. They were accli-
mated to room temperature (18—23 °C) and 20%.
salinity. Individual gravid shrimp were caged in
2 x 2 x 3 cm compartments with 1 mm Nitex™
walls, which allowed for newly hatched larvae to
escape predation from adult shrimp. Upon hatch-
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ing, larvae were collected and reared in 70 1
aquariums until they reached maturity ( > 5 mm,
Knowlton and Williams, 1970). Newly hatched
larvae were initially fed 24-h-old hatched brine
shrimp (Artemia spp.) twice daily. Tetramin™
flake food was added to the diet as the shrimp
grew, eventually leading to a diet of flakes twice
daily and ~2 ml of concentrated, 24-h-old
Artemia spp. every other day. This laboratory-
hatched population was cultured for ~ 6 months
before testing. Reproductively active females were
evident in all cultured populations prior to test-
ing. Approximately 10 weeks prior to exposure,
the cultured shrimp were separated and isolated in
sex-specific aquariums. This allowed all females
that were exhibiting ripe ovaries or egg clutches to
exhaust their current spermatophore.

The chronic exposure chambers (control and
endosulfan) consisted of 70-1 aquariums contain-
ing 20%o seawater, and biological filtration sys-
tems driven by an Aquaclear 300 filter. The filter
media [Eheim Filter Floss (Eheim, Germany) and
crushed oyster shell] were selected to minimize
pesticide absorption, which would normally occur
on activated carbon, while providing for an effec-
tive bacterial and particulate filter.

The treatment tanks (acetone only, 200 and 400
ng endosulfan per 1) were pre-dosed for three
weeks prior to the inclusion of shrimp, in order to
bind any active sites and create a constant expo-
sure system. All treatments and the controls re-
ceived the same acetone concentration (0.01%).
This acetone concentration is below the NOEC of
0.1% reported by Mayer (1987). Technical grade
endosulfan was dissolved in acetone to create a
stock of 10 mg/l in acetone. This stock endosulfan
solution was used to dose the treatment tanks
daily at a nominal concentration of 200 or 400
ng/l. The low endosulfan dose was based on an
LC,s for male grass shrimp (Wirth et al., 2001)
and the high dose was approximately twice the
LC,s. Water quality parameters [salinity (20%o),
temperature (24 °C), dissolved oxygen (> 70%),
and pH (7.8-8.2)] were measured daily in the
control tanks. There were two replicate tanks per
treatment. Fifty ml water samples from each
treatment were analyzed for endosulfan concen-
trations weekly according to the methods of Scott

et al. (1992). These samples were immediately
extracted onto C-18 solid phase extraction car-
tridges and eluted with 12 ml of pesticide-grade
ethyl acetate. Ten pl of 3-HCH were added as an
internal standard for quantification. The extracts
were solvent exchanged into iso-octane under ni-
trogen and reduced to 1 ml for analysis by GC-
ECD.

After the acclimation period, 48 cultured fe-
males and 18 cultured males were added to each
treatment tank. Tanks were examined each morn-
ing for females with ripe ovaries and newly ex-
truded egg clutches. When a gravid female
(holding a clutch under the abdomen) was iden-
tified, the individual was removed without re-
placement. Observed mortalities were removed
and recorded. The first day that any gravid female
was observed was designated as time zero (7,) for
the experiment. Weight and length were recorded
and a unique identifying number was assigned to
each gravid female. The individual was gently
dried, wrapped in solvent rinsed aluminum foil
and flash frozen in liquid nitrogen. The frozen
samples were placed in containers and stored at
— 80 °C. The experiment was terminated on day
27, when one control replicate was observed to
have unusually high mortality compared with the
previous observations. A clutch size index (no. of
eggs per mm female) was determined for gravid
females by gently teasing the clutch from the
abdomen and counting all embryos, then dividing
the clutch size by the total length of the female.
There was an n =4 for the Control and 200 ng/l
treatment and an n = 3 for the 400 ng/l treatment.

These reproductive data were compiled and
analyzed for differences in total number of gravid
females and the rate at which the populations
produced gravid females. Linear regression esti-
mates for each treatment were calculated using a
regression of time versus the cumulative number
of gravid females. The slope of each line was used
as an estimate of the rate at which females became
gravid during the exposure. Using the methods
from Zar (1999) to compare multiple linear equa-
tions (slope and y-intercept), statistical differences
among treatments were assessed. Clutch size was
normalized for female length and compared using
a one-way analysis of variance (ANOVA) (a=
0.05).
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3. Results

Average water concentration for the endosulfan
treatments was 134.4 ng/l1 (200 ng/l nominal) and
249.1 ng/l (400 ng/l nominal) over the course of
the exposure period. Endosulfan was not detected
in the control aquariums (DL =1 ng/50 ml). Wa-
ter quality parameters from the tanks averaged
(£S.D.) 20.4%0 (+0.8), 24.3 °C (+0.4), 8.0 pH
(£0.1), and 6.6 mg/l ( £ 0.5) for salinity, temper-
ature, pH and dissolved oxygen, respectively.

Average mortality was quite low and consistent
among the replicates. The estimated treatment
survival ranged from 94 to 100% among all repli-
cates. At the end of the exposure, there was a 31%
decrease in the number of gravid in the 200 ng/l
exposure when compared with the controls and a

39% decrease was observed in the 400 ng/l treat-
ment. Fig. 1 depicts the rate at which the treat-
ment populations produced gravid females over
the course of the study. Statistically, the calculated
rate at which gravid females were produced was
lower when compared with the control (Table 1).

There was no difference in the clutch size index
among the treatments (Table 2). Average clutch
size per mm for each randomly selected female was
2.123 (£ 0.690) embryos per mm in the control,
1.968 (+0.555) embryos for the 200 ng/l treat-
ment and 2.397 (+0.122) embryos for 400 ng/l
treatment. Additionally, there was not a difference
in female length (range 26—31 mm). Means were
calculated from a sample size of 4 for Control and
200 ng/l and a sample size of 3 for the 400 ng/l
treatment.

Occurrence of Gravid Females during Endosulfan Exposure

15

¢ Control B 200 ng/L endosulfan

y =0.3868x + 1.287
R*=0.9549

y =0.2769x + 0.6601
R?=0.9053

A 400 ng/L endosulfan

y =0.2943x + 0.3042
2
R%=0.9629 . o

—
(=]

Number of Gravid (Cumulative)
W

S TR VR ¢

0 5 10

T T T

15 20 25 30

Days

Fig. 1. The cumulative number of gravid females during 6 weeks of exposure to endosulfan. Linear regression estimates of each
curve were determined (MS Excel97) and used to estimate the rate of reproduction within each treatment.
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Table 1

Following Zar (1999), the three reproductive trendlines were compared based first on the slope of the line and then if needed the

y-intercept

Comparisons Control 200 ng/1 400 ng/1

Control Slopes not equal* Slopes not equal*
200 ng/l No y-intercept Test Slope not significant
400 ng/1 No y-intercept Test y-intercept not significant

Significantly different slopes (*) were observed and the Tukey’s Studentized Range Test for Slopes indicated that the endosulfan
treatments were significantly different from the control. Thus, no y-intercept test was needed to differentiate between the control and
the two treatments. The slopes were not different between the 200 and 400 ng/l endosulfan exposures, and a a test of elevation
(y-intercept) was performed but these data sets were not found to be significantly different.

4. Discussion

Scott et al. (1992) noted significant reductions
in grass shrimp densities, as well as decreases in
higher trophic levels (mummichogs and blue
crabs), at sites chronically polluted with endosul-
fan in South Carolina estuaries. Factors con-
tributing to the decline of these populations such
as acute mortality, chronic effects, decreases in
egg production or recruitment have not been
definitively identified, but Sikora (1977) indicated
that peak grass shrimp densities in SC estuaries
occur in the fall (November). Based on the data
reported here, a reduced spring reproductive event
would produce fewer offspring capable of produc-
ing the fall peak. Additionally, if developmental
times are increased, the November peak could be
missed altogether.

Changes in population recruitment patterns
(e.g. numbers, sex ratios, or time of first-of-the-
year reproduction) could be related to the sub-
lethal contaminant effects. Toxicity based on
endosulfan causes paralysis by blocking neuro-
transmitter synapses, however, sublethal effects
on the nervous system may alter behavior or basal
metabolism, affecting the direct, sustained shrimp
to shrimp contact needed for mating (Berg and
Sandifer, 1984). Generally, daily observations did
not indicate any differences in behavior; however,
no quantitative observations regarding behavior
were made.

Other crustacean researchers have reported re-
productive trends associated with contaminant ex-
posure. Lutofo and Fleeger (1997), Wirth et al.
(1998) have reported decreases in the number of

gravid females after PAH-contaminant exposure.
While neither of these studies reported significant
differences between control and PAH treatments,
there was a dose dependent decrease in the num-
ber of gravid females at the end of each experi-
ment. Lutofo and Fleeger (1997) exposed the
benthic copepod Schizopera knabeni to a maximal
phenanthrene concentration of 217 pg/g. As con-
centrations increased, the percent of the test com-
munity that was ovigerous dropped from ~ 30 to
5%. When the copepod Amphiascus tenuiremis

Table 2
Clutch size determination from each treatment

Sample no. No. embryos per mm gravid female
Control 200 ng/1 400 ng/l
1 2.153 1.966 2.538
2 2.519 2.033 2.333
3 2.679 2.615 2.321
4 1.143 1.259 na
Average 2.123 1.968 2.398
S.D. 0.689 0.555 0.122
Average clutch size 57.75 55.00 64.67
Number of gravid 12 8 7
females
Potential Young 693 (na) 440 (62.5) 452 (65.2)

(% of control)

Gravid females were randomly selected and their clutches were
counted. The clutch was then normalized to the female length,
resulting in a clutch index (No. embryos per mm female
length). There were no significant differences calculated be-
tween the controls and endosulfan treatments using a one-way
ANOVA on Ranks.
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was exposed to a PAH mixture at concentrations
ranging between 1 and 10 pg/g, Wirth et al. (1998)
reported a >30% decrease in the number of
gravid females. The PAH results compare favor-
ably to preliminary endosulfan exposures where
there was a 26% reduction in the number of
gravid females reported (Wirth, 1999) and the
30-40% reduction reported in this study. Scott et
al. (2000) reported that the grass shrimp popula-
tions at a site impacted by chronic insecticide
runoff alone (no acute toxicity and includes endo-
sulfan) were reduced by nearly 35%, which is very
similar to the reduction reported in the number of
gravid females occurring in this study. Addition-
ally, when D. magna were exposed to endosulfan
at levels between 0.2 and 0.5 the reported LC50
(0.2-0.31 mg/l), the average number of young per
female, number of broods per female and the
average number of days to first reproduction were
significantly different from controls (Fernandez-
Casalderrey et al., 1993). In a subsequent study,
the same researchers reported a decrease in feed-
ing rate and filtration at the same concentrations
(Fernandez-Casalderrey et al., 1994).

In summary, chronic endosulfan exposure nega-
tively affected reproduction in terms of the rate at
which females grass shrimp became gravid. The
effect of this type of delay on a population may
not be evident in other regulatory bioassays.
There were no effects on adult survival, clutch
size, or hatching success. However, the potential
offspring in treated populations was calculated to
be 63-65% of the control population. This repro-
ductive effect could potentially lead to less devel-
oped, smaller and fewer offspring being available
to the ecosystem during seasons where food
availability is reduced (winter). This in turn could
increase predation pressures on the population,
with no immediate source of recruitment from the
adult population. This biphasic population phe-
nomenon in endosulfan-exposed shrimp popula-
tions (i.e. reduced reproductive output and
increased predation pressure) needs to be further
examined. Future research addressing potential
mechanistic relationships between reproduction
and endosulfan levels, lifestage sensitivities, and
molting frequency also needs to be evaluated.
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